High-accuracy and high-throughput proteomic methods have completely changed the way we can identify and characterize proteins. MS-based proteomics can now provide a unique supplement to genomic data and add a new level of information to the interpretation of genomic 25 sequences. Proteomics-driven genome annotation has become especially relevant in microbiology where genomes are sequenced on a daily basis and limitations of an in silico driven annotation process are well recognized. In this review paper we outline different strategies on how one can design a proteogenomic experiment, e.g. on genome-sequenced (synonymous proteogenomics) versus unsequenced organisms (ortho-proteogenomics) or 30 with the aid of other "omic" data such as RNA-seq. We touch upon many challenges that are encountered during a typical proteogenomic study, mostly concerning bioinformatics methods and downstream data analysis, but also related to creation and use of sequence databases. A large list of proteogenomic case studies of different microorganisms is provided to illustrate the mapping of MS/MS-derived peptide spectra to genomic DNA sequences. These investigations 35 have led to accurate determination of translational initiation sites, pointed out eventual readthroughs or programmed frameshifts, detected signal peptide processing or other proteinmaturation events, removed questionable annotation assignments and provided evidence for predicted hypothetical proteins.
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FROM TOP-DOWN TO BOTTOM-UP ANALYSIS
Before MS-based methods were developed for large-scale protein analysis, protein characterization was dependent on purification of single protein species from complex samples.
This could require substantial quantities of starting material and a method to monitor the protein amount and/or its activity through various purification steps. Once a pure protein was 45 obtained one could accurately determine the protein sequence using the traditional, but nevertheless laborious, N-terminal Edman degradation method. 2D-PAGE represented a major improvement for proteomic investigations. It is a technique with efficient separation of proteins based on differences in isoelectric points in the first dimension and molecular mass in the second dimension [1] . Individual protein spots from the gel can be picked for digestion by a 50 protease and subsequent measurement of peptide masses by MS. MALDI-TOF instruments were initially used for the mass measurements. Over the years it has been recognized that 2D-PAGE performs quite poorly in the analysis of hydrophobic proteins and the reproducibility of experiments is often compromised. On the other hand, the technique is relatively robust and can also be used to analyze intact proteins at high resolution.
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The use of two mass spectrometers in tandem (MS/MS) introduced a new dimension to the field by employing two stages of mass analysis [2] . From the mass spectrum that is produced by using the first MS, a single (precursor) mass of a given compound can be selected. These mass-selected ions are next fragmented and the resulting fragment (product) ions are analyzed in the second MS. Such setup allows for obtaining more accurate chemical structure-related 60 information and for more selective quantitation of target compounds in complex mixtures. The mass of a peptide can then be determined with very high accuracy, down to 1 part per million (ppm) or even better. The identification of a peptide in MS/MS is based on subjecting the peptide to stress induced fragmentation and then using the measured mass of fragments as a fingerprint for the peptide. In a bottom-up proteomic approach, trypsin is usually used to digest a cell lysate. The resulting peptides are subsequently separated on a LC column coupled to the MS/MS instrument. The combined information of the tryptic peptide (from the first MS) and the Proteomics This article is protected by copyright. All rights reserved.
fragments masses (from the second MS) gives reliable sequence information when matched against a sequence database. Although comprehensive annotated protein databases (e.g. NCBI protein resources, UniProtKB/Swiss-Prot, PROSITE) are reliable and frequently used sources, a 70 common approach in microbiology is to use custom made databases containing translated nucleotide sequences from the genome of the investigated organism. The concept of searching un-interpreted mass spectra against a translated nucleotide database was first introduced in 1995 by Yates et al. [3] and was quickly followed up by development of various search engines to match the experimental data against tryptic peptides generated in silico from entries in a 75 database [4] [5] [6] [7] [8] .
Proteogenomics versus de novo proteomics
Proteogenomics is often defined as using MS to identify proteins predicted from genomic sequences and to use this information to improve the genome annotation [9] [10] [11] . In principle, most proteomic investigations in microbiology rely heavily on genomic sequence information 80 that acts as the blueprint for protein production. Programs such as Mascot [5] and MaxQuant [8] used to interpret MS-derived experimental data do so in the context of translated genomic sequences. As soon as a protein has been observed by one or more peptides this is of value for genomic annotations. Proteomic analysis is therefore much more than just confirmatory and can be used to both correct and add missing information to the genomic annotations (see for   85 example case studies listed in Table 1 ). From the above reasoning it is inferred that bottom-up proteomic investigations, which in some or another way utilize and interact with genomic sequence data are essentially proteogenomic. Searching MS/MS data against a sequence database is the dominant method for peptide sequencing by MS; however, de-novo sequencing of peptides by MS can also be done [12, 13] . In the latter case the sequencing is performed 90 without any prior knowledge of the amino acid sequence and the observed mass spectra are used for direct reconstruction of the protein sequence without guidance from information in protein sequence databases. Peptide de novo sequencing is for example valuable for the identification of proteins without any existing homologue in the database (e.g. characterization Proteomics
of different protein isoforms [14] ) and for metaproteome analyses of microbial communities 95 [15, 16] . For such top-down proteomics approaches proper assembly of de novo sequence data has been met with major challenges, such as low protein sequence coverage. Nevertheless, the top-down approach may be more widely applied in the future, once the technical issues are resolved. Although this review focuses primarily on the bottom-up MS approach, which is the most common, there is an example of a relevant top-down proteomic study [17] .
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Evaluation and validation of genomic annotations
The progress in determination of DNA sequences since the Sanger sequencing method was published in 1977 has been breathtaking. Thanks to the technical advances in next generation sequencing technologies [18] , the cost of sequencing for a bacterial genome is no longer a limiting factor. It can be foreseen that within a few years, a semi-automatic sequencer will be 105 used on a routine basis in many microbiological laboratories [19] . Still, once the genome of an organism is sequenced and assembled, the critical step lies in identification of gene coding regions and in establishing their annotations [20] . The functional content of the genome is inferred through computational analysis that usually involves recognizing sequence similarity between an anonymous query and characterized matching sequence [21] . Gene annotators are 110 typically based on BLAST [22] (e.g. IMG [23] and RAST [24] ) or probabilistic models such as hidden Markov models (e.g. Glimmer [25] , GeneMark [26] and HMMer [27] ). Recent evaluation of 54 methods for gene annotation identified a considerable need for improvement of currently available tools [28] . The main conclusion of the study was that second-generation annotation tools that combine a variety of biological and computational concepts outperform the first 115 generation alignment-based methods. There is also a common opinion that the use of subsequent manual curation of the genome sequence can provide the best annotations [29] . On the other hand, such curation is often slower and more costly, and it has also been considered as insufficient for genome annotation by some [30] .
According to the NCBI the number of sequenced bacterial genomes is currently over 27 120 thousand (August 2014). From this large number, almost 3400 genomes are listed as complete Proteomics This article is protected by copyright. All rights reserved. and the rest is in the draft stage ( Figure 1 ). This disproportion indicates that the processing of large amounts of sequencing data in order to yield useful results is a rather complex and laborious task. Several in-depth genomic and proteomic studies has evaluated the accuracy of in-silico annotation methods and pointed out their limitations [29, [31] [32] [33] [34] [35] [36] . For example, a 125 comparison of gene annotations obtained either from the Sanger Institute or the J. Craig Venter Institute for the genomic sequence of Mycobacterium tuberculosis H37Rv showed 15% and 50% difference in the gene annotations and in the start codon assignments, respectively [29] .
Similarly, a comparison of three different gene-calling platforms found that about half of almost 3000 predicted protein-coding regions of Halorhabdus utahensis were inconsistent across the 130 automatic annotations [36] .
Proteogenomics of Eukaryotes
Proteogenomic mapping has mainly been used for the validation (and improvement) of the structural annotation of small prokaryotic genomes; nevertheless, the integration of large-scale proteomics data is gaining popularity also in eukaryotic genome annotation projects [37] [38] [39] [40] [41] [42] [43] .
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The larger number of conducted proteogenomic studies of prokaryotes, when compared to eukaryotes, is probably due to the differences in genome complexity between eukaryotes and prokaryotes. Genomic organization of a prokaryote genome is much more economical than that of an eukaryote. Prokaryotic genes are tightly packed on a single chromosome leaving very little space in between genes. Noncoding sequences account for an average of 12% of a prokaryotic 140 genome, while in an eukaryotic genome up to 98% of the genetic material might not code for functional proteins [44] . The tight genome organization in prokaryotes is reflected in the arrangement of most genes into polycistronic operons or clusters of genes that are governed by a single promoter. The situation is more complex for eukaryotes where the DNA sequence for a given gene is organized into coding exons and non-coding introns. Eukaryotic nascent pre- commonly encountered difficulties has been previously provided [45] . Events such as alternative splicing, exon skipping and truncation or extension at the introns 5' or 3' ends 150 cannot be accurately predicted by bioinformatics methods and proteomics therefore has become invaluable for validation and refinement of eukaryotic genome annotations. However, in this review we provide systematic account of proteogenomic studies primarily in prokaryotes, with a few exceptions of medically relevant single cell eukaryotic model organisms.
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PROTEOMICS-DRIVEN ANNOTATION IN MICROBIOLOGY
Ideally one may think that genome annotations should be completely proteomics driven.
Indeed, large-scale proteomics data were early recognized as a potentially rich source for validation and reevaluation of genome annotations [46] . Proteomics technologies have now reached a level where they can provide a platform for annotation of genomes that is mainly 160 proteomics-driven combined with gap filling using theoretical interpretation. Using 6-frame translational data, the entire coding repertoire in a genome should in principle be represented.
However, the augmented nature of a 6-frame database brings certain difficulties for correct statistical interpretation of the data. In such a database, for every target protein sequence there exists five false targets which in turn leads to low signal-to-noise ratio and reduced sensitivity 165 under the search criteria needed to maintain a low false discovery rate (FDR) [47, 48] . In order to avoid too many entries one can apply a size cut off, for example excluding proteins of less than 20 amino acids. In addition, redundancy removal guidelines have been proposed in order to choose the most likely reading frame [49] . The idea of mapping peptides back to their source genome in order to validate the existing annotation was introduced 10 years ago [50] . Since 170 then different proteogenomic strategies have been described and these are discussed below ( Figure 2) . A list of different microorganisms for which the mapping of peptides onto the corresponding genome has been applied is given in Table 1 . Proteomics This article is protected by copyright. All rights reserved.
Synonymous proteogenomics
Synonymous proteogenomics may be defined as proteomics performed on exactly the same 175 isolate or strain that has been sequenced ( Figure 2A ). High throughput sequencing of a bacterial genome has become quite efficient and the possibilities to combine proteomic and genomic experiments are feasible [17, [51] [52] [53] [54] [55] [56] . This will be the ideal approach for future proteogenomics, as the likelihood of inconsistent characteristics will be kept to a minimum. However, it is not always the case that the genomic sequence matches exactly the sequence present in the model 180 organism chosen for a proteomics study. Some bacteria are more prone to genomic changes than other bacteria, specifically, Neisseria meningitidis and Helicobacter pylori are examples of bacteria that tend to change frequently through rearrangements of genetic elements and mutations [57] . Moreover, bacterial strains tend to change when subcultured in the laboratory, and strain collections have rigorous routines to keep such changes at a minimal level. It 185 basically implies using the seed-lot system where a batch is frozen down in numerous aliquots, and there are rules as to how many passages one may apply until it is necessary to go back to the seed-lot for a new sample. When working with proteogenomics it is in principal necessary to know the history of the sequenced strain as well as the sample one is working with to create the proteomic data. Historical records of bacterial strains are therefore invaluable, but are not 190 always available. For example, when working on the proteome of M. tuberculosis H37Rv it became clear that the original genomic sequence was performed on a sample of this strain, suggesting that the strain was not recently acquired from a repository. When searching our proteomic data obtained using the ATCC strain of M. tuberculosis H37Rv against other genomic sequences of M. tuberculosis, protein products that were not encoded in the H37Rv genome but 195 present in the other genomes were discovered [58] . The most likely explanation would be that a genetic element had been lost from the sequenced sample of H37Rv. This shows that one needs to have a focus on the origin of the genomic sequence as well as the sample being studied for proteomics. Proteomics This article is protected by copyright. All rights reserved.
Comparative proteogenomics
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The ever-growing collection of sequenced prokaryotic genomes is giving the opportunity for comparative genomic and proteomic analysis of related species (i.e. sharing high level of sequence similarity) ( Figure 2B ). As demonstrated on a study of exoproteomes of the Roseobacter clade (marine bacteria) and proteogenomic analysis of three Shewanella bacteria [59, 60] , such comparative approaches allow for annotation of multiple genomes at once.
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Moreover, the simultaneous analysis of genomes containing orthologous genes has been used for more reliable interpretation of protein identifications based only on a single peptide hit.
Such "one-hit-wonders" usually need manual validations otherwise they are discarded by the publication guidelines of proteomics journals. In a typical proteomic analysis the percentage of one-hit-wonders can be as high as 30% [60] and using the 'two peptide per protein' inference 210 rule for protein identification might result in loss of a large number of protein identifications [61] .
Non-synonymous (Ortho-) proteogenomics
In this case there is no genomic sequence that matches the proteomic data exactly. This approach is relevant for bottom-up proteomic investigations performed on clinical and 215 environmental isolates ( Figure 2C ). Initially one needs to assess which genomic sequence(s) is/are the most relevant for data interpretation. The first step would be to identify the bacterial isolate at species level or better, and then to identify the peptides using the most closely matching genome. The disadvantage of such approach is that sequence differences between the available genome and the proteins being studied result in lost identifications. There may be 220 more than one genome available for one species and in that case it will be of value to use a database that include all relevant genomes. Building and the use of a species-specific custommade database has been shown as an effective way to improve annotation of members of the same species [58, 62] . Collated genome sequences can also be used to identify variants in positions with single nucleotide/amino acid polymorphism. In this case it is useful to apply a Proteomics This article is protected by copyright. All rights reserved.
database with tagged sequences for more convenient identification of such differentiating peptides [58] .
Non-synonymous proteogenomic strategies have also been used for mapping the proteomes of unsequenced pathogens [58, 63] . Similarly, a combination of proteomics and comparative genomics has used only one member of a group of organisms for the proteomic 230 analysis and extrapolated the findings on orthologous genes to other members of the clade [64] [65] [66] [67] .
Integration of multiple omics datasets
An emerging trend in the functional annotation of genome-scale data is the integration of various omics datasets ( Figure 2D ). Transciptome profiling by the means of high density tilling 235 arrays or RNA-seq technology (high-throughput RNA sequencing using next-generation sequencing technologies) enables identification and also quantification of both rare and common transcripts with over five orders of magnitude of dynamic range [68] . Although transcriptional information does not confirm the protein expression, it can provide necessary supporting evidence in cases of protein identifications based on a single peptide hit. Studies 240 integrating transcriptomic and proteomic analyses can be found for example for Escherichia coli and pathogenic bacteria Bartonella henselae and Yersiniae [69] [70] [71] . In the case of the intracellular pathogen B. henselae, an endpoint estimate of the number of actively transcribed protein coding genes based on mRNA-seq data was shown to better represent the expressed protein catalog than considering all annotated protein-coding genes [70] . RNA-seq analysis was 245 also complemented with proteomics for the radiation-tolerant bacterium Deinococcus deserti [72] . An interesting finding of that study was a very high number and proportion of leaderless mRNA in D. deserti (60%), an exceptionally high number for a bacterial species. An illustrative multi-omics approach was used to functionally reannotate the genome of a model actinomycetes and an important antibiotic producer Saccharopolyspora erythraea [73] . The authors integrated data from proteomics, RNA sequencing and previously determined genomescale metabolic reconstruction [74] to experimentally validate and improve the annotation of Proteomics This article is protected by copyright. All rights reserved.
this model G+C rich genome. An outlook to the future of genome annotation studies can be a very thorough functional genome description of a hyperthermophilic bacterium, Thermotoga maritime [56] . Proteomic profiling was one part of an all-inclusive combination of whole-255 genome resequencing, transcriptome profiling and various bioinformatics tools, which resulted in a more accurate genome annotation.
Functional protein annotation
In any newly sequenced bacterial genome annotated through the computational methods of functional and comparative genomics, proteins with unknown functions account for 30-40% of 260 all encoded proteins [75] [76] [77] . There are two major bioinformatic approaches for predicting protein function of uncharacterized genes: 1) structural analysis based on homologous proteins [78] and 2) comparative analysis aiming to identify conserved co-expressed genes [79, 80] .
Activity-Based Protein Profiling (ABPP) is a functional proteomic technique to label and enrich various enzymatic activities [81, 82] . The contribution of ABPP to functional annotation of 265 genomes lies in its ability to specifically detect active enzymes in a sample through activitybased probes. Several comprehensive reviews have addressed various designs and applications of the activity-based probes [83] [84] [85] . Practically any enzyme with an active catalytic site is amenable to study through ABPP, however, most of the research has focused on the diverse class of enzymes able to catalyze the hydrolysis of biomolecules (e.g. proteins, fats, oils and 270 carbohydrates) [86] [87] [88] . Proteolytic enzymes play a crucial part in the course of bacterial infection and the overall pathogenic process [89, 90] , and the ABPP method can be of a value to scientists investigating for example proteins with unknown function but with a link to pathogenesis (e.g. confirmed expression in the presence of an antibiotic). 
Translational start sites
Incorrect predictions of translation initiation codons are common errors introduced during an in silico driven annotation process [96] and in some prokaryotic genomes nearly 60% of genes can have incorrectly assigned start sites [35] . Usually there are many potential translational start sites (TSS) for a given gene. ATG coding for methionine is most frequently used as start 310 codon, but GTG or TTG are also possible start codons. In some organisms TTG is the most frequently used start codon [97] . Moreover, alternative TSS both downstream and upstream of the originally annotated site are often observed [62, 98] . Identification of the N-terminal peptide by MS may confirm a TSS if it does not coincide with a peptide produced by the protease used for digestion (e.g. containing a non-tryptic N-terminus) and if it is located at the protein N-315 terminus or in its close proximity [99] . This type of information is invaluable for genomic annotation and some of the large-scale proteomic investigations have addressed this issue [66, 67, 100] . However, because of the rather low sequence coverage in a typical bottom-up approach (∼ 30%), methods for specific enrichment of N-terminal peptides are frequently employed [98, 101, 102] . Several reviews have provided expert views on the current state of N-320 and C-terminal protein analysis by proteomics [11, [103] [104] [105] .
Profiling of N-terminally acetylated protein termini has recently emerged as a powerful technique for determination of TSS [106] . N-terminal acetylation is together with N-terminal methionine excision the most common protein posttranslational modification, which is widespread both in eukaryotes and prokaryotes [107, 108] . Recent proteogenomic analysis of 325 encapsulated yeast Cryptococcus neoformans, which is an opportunistic human pathogen capable of causing potentially lethal disease cryptococcosis [109] , described experimental validation of 52% of the predicted proteome [43] . By defining N-terminal acetylation of proteins as variable modification in the Mascot search engine, the authors of the study identified 392 Nterminally acetylated peptides that subsequently lead to confirmation of TSS for 329 proteins 330 (63% of all identified TSS). In addition, the same proteogenomic study determined two novel start sites by mapping N-terminal acetylated peptides, identified from searching 6-frame Proteomics This article is protected by copyright. All rights reserved.
genome translational database against the MS/MS data, onto C. neoformans genome. First largescale proteomic identification of N-terminal peptides from prokaryotes was produced for two archaea Halobacterium salinarum and Natronomonas pharaonis [100] . By combining MS with 335 two specific enrichment methods, combined fractional diagonal chromatography (COFRADIC) and strong cation exchange chromatography (SCX) [110] ) the authors were able to identify 606 N-terminal peptides from H. salinarum and 328 from N. pharaonis (29% and 12% of the predicted proteome, respectively). N-terminal COFRADIC is a well-established N-terminomics technology based on a negative selection for N-terminal peptides, i.e. removing non-N-terminal bacterium Roseobacter denitrificans [98, 102] and the characterization of 447 proteins (13.6% of the predicted proteome) for arsenite-oxidizing bacterium Herminiimonas arsenicoxydans [101] . Moreover, targeting of N-terminal peptides have led to recognition of rare non-canonical start codons. For example, ATC and CTG start codons for translation of DnaA and RpsL, respectively, were described in D. deserti [67] and an ultra-rare start codon ATT for protein chain initiation factor IF-3 in Yersinia pestis [64] . Proteomics This article is protected by copyright. All rights reserved.
Protein processing
Modifications of the protein N-terminal such as N-methionine excision and N-acetylation, are widespread among bacteria , as discussed above, [107, 113] as well as the removal of the N-360 terminal signal peptide [114] . Signal peptides are cleaved by signal peptidase I or II after translocation of the protein trough the cytoplasmic membrane. Several algorithms exist for prediction of such cleavage sites (e.g. SignalP [115] and Phobius [116] ), but more exact experimental result confirming the cleavage site provides essential information [117] .
Putative signal peptides and proteolytic events can be deduced from MS raw data by 365 observing spectra matching to the peptides with non-tryptic N-termini. In order to identify true signal peptides, filtering based on peptide length, typical structure (e.g. core hydrophobic patch) and signal peptidase cleavage site have usually been applied [118, 119] . MS-based proteomic techniques have accelerated the experimental verification of secretory proteins (and hence signal peptides) for example in Salmonella enterica [17] , Shewanella oneidensis [99] , Yersiniae 370 pestis [64] , Novosphingobium aromaticivorans [120] and a microbial biofilm community [121] .
In Helicobacter pylori sixty-three previously unknown signal peptide sequences could be annotated by interpreting MS spectra with a search strategy allowing for semi-specifically cleaved peptides and revealed the predominant recognition motif LXA for signal peptidases [122] . A recent study evaluated how many signal peptides can generally be identified in a single 375 proteogenomic experiment by using E. coli K-12 as an example of a well annotated model bacterium [119] . The paper by Ivankov et al. showed that approximately one third of all experimentally known E. coli signal peptides could be validated. Moreover, in accordance with predictions from the latest version of the SignalP program, the authors of the study estimated that about 10% of the E. coli genes contain signal peptides, half of previous estimates. Proteomics This article is protected by copyright. All rights reserved.
PTMs of specific residues
Chemical modifications at specific residues such as phosphorylation, oxidation, methylation, etc.
(therein referred to as PTMs) are known to play a significant role in many biological functions [123] . PTMs identification by the bottom-up MS approach is based on a change in the peptide 385 fragmentation pattern (e.g., shifts in the masses of fragments containing the modification).
There are several challenges in analysis of PTMs by MS (reviewed in detail in [124] [125] [126] [127] ).
Firstly, the detection of modified peptides is far from being straightforward because of the labile nature of many modifications during the peptide fragmentation. The modified peptides are usually present in low amounts in the complex sample and therefore specific enrichment 390 methods have become an essential part of the proteomic workflow. Additionally, when several possible PTMs are included as an optional parameter during the sequence database search there will be a combinatorial explosion of the search space and subsequently a lower statistical confidence in the search results. Nevertheless, bottom-up proteomic analysis has been successful in identifying some PTM sites, for example in bioremediation-relevant bacteria 395 Shewanella [60, 99] and the sulfate reducing bacterium Desulfovibrio desulfuricans [128] . investigating multiple proteins (<50 kDa) in complex samples [131] [132] [133] . Top-down proteomic analysis of S. enterica Typhimurium identified 563 unique proteins (40% of the predicted 410 proteome) corresponding to 1665 proteoforms and enabled discovery of the differential utilization of the protein S-thiolation forms, S-glutathionylation and S-cysteinylation, in response to infection-like conditions [17] .
Protein phosphorylation is one of the most extensively studied PTMs, not only because of its general importance in signal transduction in a living cell but also because of its relevance 415 for bacterial virulence and pathogenesis [134] [135] [136] . A comprehensive list of phosphoproteomic studies performed on various bacterial species up to year 2013 can be found in [123] . Studies published later that are worth mentioning are for example a description of the phosphoproteome of the human pathogen S. aureus [137] and quantitative phosphoproteome analysis of Bacillus subtilis [138] .
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SOFTWARE FOR PROTEOGENOMICS
Searching large spectral data sets against large sequence databases would not be possible without computational support. Computational proteomics has become a dynamically growing field. Bioinformaticians designing proteomics software tools have to tackle substantial challenges associated with the assignment of peptide sequences to MS/MS spectra and correct 425 protein identifications [139] . Because of that, methods for assessing the quality of the match between an MS/MS spectrum and a theorized peptide sequence have been proposed. A popular approach is to simultaneously search the spectra against the target and the decoy database, the latter being of equal or known size and similar redundancy as the former [140] . Peptides identified using the decoy are then regarded as spurious and can be used to estimate FDR.
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Altogether, the computational reconstruction of protein identities from proteomic data is nontrivial task and several excellent reviews described in detail the various problems commonly encountered and their current solutions [45, 141, 142] . Several automated software pipelines have been developed for integration of MS-based proteomic evidence into genome Proteomics This article is protected by copyright. All rights reserved.
databases, as well as a number of visualization and database-building tools (Table 2 provides a   435 list of these approaches with corresponding references).
CONCLUDING REMARKS
Proteogenomic methods are still facing several key challenges that stand in the way of largescale application of proteomics to genome annotation. One of the main concerns for nearly all MS-based proteomic studies is low sequence coverage. In addition, there is a notorious need for 440 improved data mining methods and bioinformatics tools. Finally, in order to obtain high proteome coverage one often needs to apply multiple growth conditions together with several separation and/or fractionation techniques prior to MS/MS analysis. Despite all of its shortcomings, proteogenomics analysis provides the ultimate validation of expressed gene products on a large scale and leads to correct interpretation of genomic sequences.
445
Experimental verification of predicted hypothetical proteins and discovery of novel coding regions can be considered as one of the most important outcomes of proteogenomic studies.
Moreover, specific applications designed to characterize various protein-processing events and PTMs are invaluable in deciphering the actual biological function.
Proteomics
This article is protected by copyright. All rights reserved. 19 Genosuite Integrated proteogenomic pipeline for annotating prokaryotic genomes. [143] InsPecT Identification of posttranslationally modified peptides from MS/MS spectra. [157] iPiG Visualization of peptide identifications in genome browsers. [158] MINOMICS Visualization of prokaryotic transcriptomic and proteomic data in conjunction with genomic data. [159] MSMSpdbb Merging and clustering of protein sequences inferred from multiple genomic sequences. [62] PG Nexus with IGV Co-visualization of peptides in the context of genomes, genomic contigs or RNA-seq reads. [160] PepLine Mapping of MS/MS fragmentation spectra of trypsic peptides to genomic DNA sequences. [161] Peppy Integrated software package for proteogenomic analysis. [162] PGP Proteogenomic annotation pipeline for improving existing genomic annotations. [163] PMT Mapping of MS identified peptides to a target genome for structural genome annotation. [164] Protter Web-based application for protein feature visualization and integration with experimental data. [165] TopFIND Knowledgebase for protein termini, terminus modifications and underlying proteolytic processing.
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